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Abstract 

Nitrogen  oxides  (NO*)  is  one  of  the  harmful  emissions  from  power  plants.  Efforts  are  made  to  reduce  NO*  emissions  by  researchers 
and  engineers  all  the  times.  NO*  emissions  are  from  three  resources  during  the  combustion:  prompt  NO,  fuel  NO  and  thermal  NO.  The 
last  one  -  thermal  NO,  which  is  described  by  ‘Zeldovich-mechanism’,  is  the  main  source  for  NO*  emissions.  The  thermal  NO  emission 
mainly  results  from  the  high  combustion  temperature  in  the  combustion  process.  In  order  to  control  the  NO  formation,  the  control  of 
peak  combustion  temperature  is  the  key  factor,  as  well  as  the  oxygen  concentration  in  the  combustion  areas.  Flameless  oxidation 
(FLOX)  and  continuous  staged  air  combustion  (COSTAIR)  are  two  relatively  new  technologies  to  control  the  combustion  temperature 
and  the  reaction  rate  and  consequently  to  control  the  NO*  emissions. 

In  this  study  both  FFOX  and  COSTAIR  technologies  are  assessed  based  on  a  12  MWe,  coal -fired,  circulating  fluidised  bed  combus¬ 
tion  (CFBC)  power  plant  by  using  ECFIPSE  simulation  software,  together  with  a  circulating  fluidised  bed  gasification  (CFBG)  plus  nor¬ 
mal  burner  plant.  Two  different  fuels  -  coal  and  biomass  (straw)  are  used  for  the  simulation.  The  technical  results  from  the  study  show 
that  the  application  of  FLOX  technology  to  the  plant  may  reduce  NO*  emissions  by  90%  and  the  application  of  COSTAIR  technology 
can  reduce  NO*  emissions  by  80-85%  from  the  power  plant.  The  emissions  from  the  straw-fuelled  plants  are  all  lower  than  that  of  coal- 
fuelled  ones  although  with  less  plant  efficiencies. 

©  2007  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Coal  is  the  largest  energy  resource  in  the  world.  It  is 
abundant  and  widely  available,  safe,  secure  and  affordable; 
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easy  to  transport  and  store.  The  proved  reserves  of  coal  are 
909,064  million  tonnes  including  bituminous  coal,  anthra¬ 
cite  coal,  sub-bituminous  coal  and  lignite  in  the  world  in 
2004,  which  can  be  lasted  for  at  least  200  years  at  current 
production  rates.  In  the  same  year,  the  production  of  total 
world  coal  is  2732.1  million  tonnes  oil  equivalent,  which  is 
more  than  20%  of  the  total  primary  energy  supply  in  the 
year  [1].  Meanwhile,  more  than  60%  of  the  outputs  of  coal 
are  consumed  for  electricity  production  in  the  world  [2]. 

Electrical  power  generation  from  coal  is  a  well-estab¬ 
lished  and  highly  reliable  technology.  Coal  produces  39% 
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of  the  world’s  electricity,  which  is  twice  as  much  as  the  next 
largest  source.  Coal  used  in  power  generation  is  projected 
to  grow  60%  by  2030  [1].  Statistic  data  show  that  coal  is 
still  the  most  important  energy  resources  in  the  world 
today  and  in  the  future. 

But  as  a  fuel,  coal  has  its  own  disadvantages  because  it  is 
the  most  carbon  intensive  fuel  for  electricity  generation. 
The  combustion  of  coal  generates  not  only  carbon  dioxide 
(C02),  but  also  the  other  harmful  gases  such  as  carbon 
monoxide  (CO),  nitrogen  oxides  (NO*)  and  sulphur  oxides 
(SO*).  These  emissions  from  the  coal-fired  power  plant  are 
widely  recognised  as  having  a  major  impact  on  health, 
acidification  and  climate  change.  This  poses  challenges 
for  the  researchers  and  engineers  to  find  out  new  technolo¬ 
gies  to  control  the  emissions  from  these  coal-based  power 
generations. 

The  utilisation  of  renewable  energy  may  reduce  the 
greenhouse  gas  emissions.  Biomass  (wood,  straw,  grasses, 
etc.)  is  one  of  the  most  popular  resources  of  renewable 
energy.  It  is  abundant  and  can  be  found,  or  planted  and 
harvested  all  over  the  world.  It  was  the  most  common  fuel 
used  in  the  past  and  now  it  is  still  widely  used  in  the  third 
world  [3].  According  to  the  report  from  the  Food  and  Agri¬ 
culture  Organization  of  the  United  Nations  (FAO),  Global 
Forest  Resources  Assessment  in  2003,  the  forest  planta¬ 
tions  are  186,733,000  ha  and  the  total  forest  resources  are 
422,256  million  tonnes  [4],  nearly  half  as  great  as  the 
reserves  of  coal.  The  fuel  wood  production  is  1433.7  mil¬ 
lion  tonnes  on  average  worldwide  from  the  year  of  1 994- 
2004  [5],  which  are  more  than  half  that  coal  production. 
The  advantage  for  biomass  over  coal  is  that  it  is  renewable 
and  it  is  recognised  as  “net  zero  C02  emission”  fuel  due  to 
its  very  short-term  carbon  cycle. 

From  this  point  of  view,  biomass  will  play  a  more  and 
more  important  role  to  meet  the  energy  demand  for  the 
world.  Biomass  has  been  used  in  some  power  generation 
[6],  but  the  applications  are  still  in  very  limited  scales/areas. 
The  combustion  of  biomass  generates  nitrogen  oxides 
(NO*)  and  carbon  monoxide  (CO),  although  it  has  “zero 
net  carbon  emissions”.  Therefore  it  is  necessary  to  carry 
out  more  investigations  to  find  out  ways  to  reduce  the 
emissions  of  NO*  and  CO,  since  the  properties  and  the 
combustion  process  of  biomass  are  quite  different  from 
coal  and  other  fossil  fuels. 

The  objective  of  this  study  is  to  investigate  the  feasibility 
of  the  application  of  FLOX/COSTAIR  technology  to 
reduce  the  NO*  emissions  from  coal/biomass  fired  power 
plants.  Due  to  the  characteristics  of  FLOX/COSTAIR 
and  the  biomass  availability,  a  conventional  circulating 
fluidised  bed  combustion  (CFBC)  power  plant,  sized 
12  MWe,  coal-fired,  is  selected  as  a  base  case  for  compari¬ 
son  in  the  study.  This  size  is  small  for  coal-fired  plant  and 
the  efficiency  is  not  high,  but  it  is  a  medium  and  suitable 
size  for  biomass  fuelled  power  plant  in  practical  applica¬ 
tions,  in  order  to  reduce  biomass  transportation  fees  to 
the  power  plants.  There  are  two  advantages  of  the  technol¬ 
ogies  make  them  attractive  and  applicable. 


One  is  that  the  CFBC  and  CFB  gasifier  is  suitable  for 
any  kind  of  biomass,  e.g.  straw,  wood  pellets/chips,  grass, 
etc.  Irregular  shapes  of  biomass  make  them  difficult  to  be 
burnt  completely  in  the  other  firing  technology  such  as 
bubbling  bed/stoker.  Currently,  the  circulating  fluidised 
bed  combustion/gasification  (CFBC/CFBG)  technology 
can  burn  biomass  resources  from  all  agricultural  waste  like 
orchard  pruning,  pomace,  shells,  stalks,  pits,  straws;  from 
all  forest-based  waste  like  wood  waste,  bark  and  municipal 
waste  like  sludge. 

Another  advantage  is  that  it  can  handle  fuels  with  mois¬ 
ture  content  varying  from  15%  to  60%. 

Two  circulating  fluidised  bed  gasification  (CFBG)  with 
integrated  low  NO*  gas  burners  power  plants  are  pro¬ 
posed.  One  system  is  a  CFBG  with  a  FLOX  burner,  and 
the  other  a  CFBG  with  a  COSTAIR  burner.  In  addition 
a  CFBG  with  a  normal  burner  is  investigated,  to  compare 
the  characteristics  of  the  performances  and  emissions  from 
these  power  plants.  Different  fuels  -  coal  and  biomass  are 
selected  for  the  investigation. 

Seven  kinds  of  biomass  fuels  such  as  straw,  wood  pel¬ 
lets,  wood  chips,  etc.  are  used  in  the  investigation.  The  per¬ 
formances  of  the  system  are  a  little  different  from  each 
other  for  these  seven  different  biomass  fuels.  The  perfor¬ 
mance  of  the  system  fuelled  by  coal  is  very  different  com¬ 
pared  to  that  fuelled  by  biomass.  Straw  is  selected  here  to 
represent  biomass  fuel  to  compare  with  coal. 

2.  The  technologies  of  flameless  oxidation  and  continuous 
staged  air  combustion 

The  detailed  description  of  the  features  of  flameless  oxi¬ 
dation  and  continuous  staged  air  combustion  are  presented 
in  the  following  sub-sections. 

2.7.  Flameless  oxidation 

In  flameless  oxidation  mode  [7],  fuel  and  air  are  gradu¬ 
ally  mixed  with  large  amounts  of  recirculated  exhaust  gas 
thereby  reducing  the  adiabatic  flame  temperature  of  the 
mixture  and  heating  up  the  air  and  fuel  or  air/fuel  mixture 
at  the  same  time.  The  basic  principle  of  flameless  oxidation 
burner  is  shown  in  Fig.  1.  The  main  feature  of  flameless 
oxidation  is:  no  air  is  added  to  the  fuel  prior  to  injection. 
The  energy  required  for  ignition  is  provided  by  the  recircu¬ 
lating  flue  gas.  The  temperature  in  the  furnace  chamber 
must  be  at  least  800-900  °C.  The  recirculating  flue  gas 
should  be  mixed  into  the  combustion  air  and  into  the  fuel, 
or  into  the  fuel  air  mixture.  The  amount  of  the  recirculating 
flue  gas  should  be  large  enough  to  offer  the  energy  to  ignite 
the  fuel  air  mixture.  The  flue  gas  recirculating  is  mainly 
internal  recirculation,  as  shown  in  Fig.  1 .  This  means  that 
most  of  the  flue  gas  is  recirculated  in  the  combustion  cham¬ 
ber.  For  flameless  oxidation,  the  fuel  and  the  air  are  both 
injected  directly  into  the  furnace  chamber.  They  react 
downstream  from  the  point  of  injection.  That  leads  to  very 
low  flame  temperatures  and  low  oxygen  partial  pressures  in 
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the  reaction  zone  and  as  a  result  of  this  to  a  low  thermal 
NO  formation,  and  then  low  NO*  emissions. 

2.2.  Continuous  staged  air  combustion 

In  the  mode  of  continuous  staged  air  combustion  [8,9], 
the  basic  principle  as  shown  in  Fig.  2,  preheated  air  is 
divided  into  two  parts,  primary  air  and  secondary  air  (in 
reality,  the  air  can  be  divided  into  more  parts  depending 
on  the  application  and  the  design),  to  mix  with  the  fuel 
at  two  different  points.  The  heat  is  released  more  uniformly 
throughout  the  combustion  chamber;  this  results  in  lower 
NO*  formation  notably.  Fig.  2  shows  a  two-stage  burner 
which  represents  the  basic  principle  of  COSTAIR.  The  sec¬ 
ondary  air  is  injected  directly  into  the  combustion  cham¬ 
ber,  flue  gas  is  recirculated  (FGR)  and  this  enhances  the 
NO*  reduction  effect.  FGR  reduces  NO*  by  reducing  the 
peak  temperature  in  the  burner.  By  diluting  the  charge  with 
inert  gas,  the  adiabatic  flame  temperature  is  reduced.  This 
has  the  opposite  effect  of  increasing  oxygen  availability 
during  combustion.  The  recirculated  gas  also  reduces  peak 
combustion  temperature  by  absorbing  some  of  the  heat  of 
combustion.  Nitrogen  oxides  are  known  to  form  at  high 
temperatures  and  this  reduction  in  temperature  leads  to 
decreased  NO*  formation  in  the  burner  therefore  leads  to 
low  NO*  emissions. 


3.  The  power  plants 

A  CFBC  power  plant  is  shown  in  Fig.  3.  The  detailed 
structure  of  CFBC  furnace  is  showed  in  Fig.  4(1).  The 
crushed  fuel  and  limestone  are  injected  into  the  combustor. 
The  fuel  particles  are  suspended  in  a  stream  of  upwardly 
preheated  flowing  air,  which  enters  the  bottom  of  the  fur¬ 
nace  through  air  distribution  nozzles.  Secondary  air  is 
injected  through  a  set  of  nozzles  higher  up  the  chamber 
walls.  The  high  fluidising  velocity  forms  an  expanded  bed 
with  material  carried  out  of  the  combustor.  Cyclones  sepa¬ 
rate  the  majority  of  the  solids  from  the  flue  gas.  The  solids 
are  returned  either  directly  to  the  combustor  or  through  a 
set  of  external  heat  exchangers  which  receive  preheated 
fluidising  air.  The  combustion  takes  place  at  840-900  °C 
also  helps  to  reduce  NO*  formation.  Sulphur  retention  is 
achieved  by  adding  limestone  and  therefore  no  additional 
flue  gas  desulphurisation  is  required. 

The  steam  from  the  superheater  goes  to  the  turbine  stop 
valve  and  is  expanded  in  the  intermediate  pressure  turbine 
and  the  low  pressure  turbine.  At  the  crossover  from  the 
intermediate  to  the  low  pressure  turbines  steam  is  extracted 
for  the  deaerator.  The  steam  from  the  low  pressure  turbine 
is  condensed  and  the  condensate  is  pumped  by  the  low 
pressure  pump  through  the  low  pressure  heater  to  the 
deaerator.  Here  the  incoming  water  is  heated  by  direct 
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Fig.  2.  Continuous  staged  air  combustion  burner. 
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Fig.  3.  CFBC  power  plant. 


Limestone 

Coal 


Fig.  4.  The  detailed  structure  of  CFBC  (1)  and  CFBG  (2). 


contact  with  the  bleed  steam.  The  boiler  feed  pump  (inter¬ 
mediate  pump)  forces  the  condensate  through  econo¬ 
miser  before  reaching  the  boiler  and  completing  the 
steam  cycle. 

The  structure  of  circulating  fluidised  bed  gasification 
system  (CFBG)  in  this  study  is  operating  at  atmospheric 
pressure,  which  is  shown  in  Fig.  4(2).  The  system  consists 
of  a  gasifier  where  the  gasification  takes  place,  a  cyclone 
to  separate  the  circulating-bed  material  (silica  sand)  from 
the  gas,  and  a  return  pipe  for  returning  the  circulating 
material  to  the  bottom  part  of  the  gasifier. 

The  operating  temperature  in  the  gasifier  is  typically 
800-950  °C.  Air  is  blown  from  the  air  fan  and  fed  to  the 
bottom  of  the  gasifier.  The  air  velocity  is  high  enough  to 
fluidise  the  fuel  particles.  Fuel  particles  are  fed  into  the 
lower  part  in  the  gasifier  and  are  pyrolysed  when  they  are 
heated  up.  Volatiles  are  released  and  char  is  produced, 


resulting  in  up  to  70%  weight  loss  for  fuel.  This  pyrolysis 
is  fast  due  to  the  good  thermal  contact  between  fuel  and 
the  hot  bed  material. 

The  combustion  process  occurs  as  the  volatile  products 
and  some  of  the  char  reacts  with  oxygen  to  form  C02  and 
CO,  which  provides  heat  for  the  subsequent  gasification 
reactions.  The  gas  lifts  the  char  and  sand  upwards  in  the 
gasifier.  The  char  reacts  with  C02  and  H20  in  the  fuel  to 
produce  CO  and  H2. 

The  reaction  is  continuing  and  fuel  particles  are  con¬ 
verted  to  gases,  char  and  tars  until  they  reach  the  end  of 
cyclone.  In  the  cyclone  residue  char  and  sand  are  separated 
from  the  gas  and  led  to  the  gasifier  again.  The  hot  syngas  is 
then  sent  to  the  burner  of  the  power  plant.  The  ash  accu¬ 
mulates  at  the  bottom  in  the  gasifier  and  is  removed  by 
an  ash  conveyer.  This  completes  the  whole  cycle  for  the 
CFBG. 
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Silica  sand  is  normally  used  as  a  heat  carrier  between  the 
overall  exothermic  reactions  during  the  gasification  to  the 
endothermic  pyrolysis;  and  to  stabilise  the  temperature  in 
the  process. 

The  hot  syngas  supplied  to  the  burners  (normal/FLOX/ 
COSTAIR  respectively)  is  burnt  to  generate  heat  for  the 
steam  cycle.  In  the  systems  studied,  it  is  intended  that  the 
exit  of  the  gasifier  and  the  entrance  of  the  burner  will  be 
in  direct  contact,  so  that  any  large  molecules  (e.g.  tar)  leav¬ 
ing  the  gasifier  will  remain  in  the  gas  phase  and  be  burnt/ 
cracked  on  entering  the  burner.  In  this  case,  there  is  no  heat 
exchanger  required  for  recovering  the  heat  in  syngas.  The 
steam  cycle  of  the  CFBG  system  is  similar  to  the  CFBC 
process  described  above. 


Due  to  the  properties  of  coal  and  biomass  are  very  dif¬ 
ferent,  different  handling  equipments,  which  are  commer¬ 
cial  available  technologies,  are  used  for  these  two 
different  fuels. 

The  four  systems  assessed  are  shown  in  the  following  fig¬ 
ures:  (a)  conventional  CFBC  power  plant  shown  in  Fig.  3; 
(b)  CFBG  with  normal  burner  presented  in  Fig.  5;  (c) 
CFBG  with  COSTAIR  burner  shown  in  Fig.  6;  and  (d) 
CFBG  with  FLOX  burner  presented  in  Fig.  7. 

4.  Simulation  of  the  processes 

In  order  to  provide  a  consistent  basis  for  evaluation  and 
comparison,  the  systems  analysed  are  modelled  using  the 


Fig.  5.  CFBG  +  normal  gas  burner  power  plant. 


Fig.  6.  CFBG  +  FLOX  gas  burner  power  plant. 
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Fig.  7.  CFBG  +  COSTAIR  gas  burner  power  plant. 


ECLIPSE  process  simulation  package  [10-12].  ECLIPSE 
was  developed  for  the  European  Commission  and  has  been 
used  by  the  Northern  Ireland  Centre  for  Energy  Research 
and  Technology  at  the  University  of  Ulster  since  1992 
[13,14].  ECLIPSE  is  a  personal-computer-based  package 
containing  all  of  the  program  modules  necessary  to  com¬ 
plete  rapid  and  reliable  step-by-step  technical,  environmen¬ 
tal  and  economic  evaluations  of  chemical  and  allied 
processes. 

ECLIPSE  uses  generic  chemical  engineering  equations 
and  formulae  and  includes  a  high-accuracy  steam- water 
thermodynamics  package  for  steam  cycle  analysis.  It  has 
its  own  chemical  industry  capital  costing  program  covering 
over  100  equipment  types.  The  chemical  compound  prop¬ 
erties  database  and  the  plant  cost  database  can  both  be 
modified  to  allow  new  or  conceptual  processes  to  be 
evaluated. 

Using  ECLIPSE,  the  technical  assessment  studies  are 
carried  out  in  stages;  initially  process  flow  diagrams  are  pre¬ 
pared,  technical  design  data  are  added  and  the  calculation 
of  mass  and  energy  balance  are  carried  out.  Consequently, 
the  system’s  electrical  generation  and  consumptions  are  cal¬ 
lable  1 


Fuel  properties 


Fuel 

Coal 

Straw 

Ash  (%  ar) 

6.22 

3.2 

VM  and  FC  (%  ar) 

87.48 

84.7 

Water  (%  ar) 

6.30 

12.1 

HHV  (MJ/kg  daf) 

35.90 

19.1 

Carbon 

84.00 

47.8 

Hydrogen 

5.70 

5.9 

Nitrogen 

1.50 

0.5 

Sulphur 

2.60 

0.07 

Chlorine 

0.14 

0.00 

Oxygen 

6.06 

42.5 

culated,  environmental  impact  is  assessed,  capital  and  oper¬ 
ating  costs  are  estimated  and  an  economic  analysis 
performed. 

In  this  study,  only  technical  assessments  are  investigated 
for  the  four  systems.  The  fuel  properties  used  are  listed  in 
Table  1.  The  detailed  analyses  and  results  for  the  evalua¬ 
tion  are  presented  in  the  following  section. 

5.  Results  and  discussion 

The  main  technical  and  environmental  results  are  sum¬ 
marized  in  Table  2  for  the  four  systems  of  CFBC, 
CFBG  +  normal  burner,  CFBG  +  FLOX  burner  and 
CFBG  +  COSTAIR  burner  in  connection  with  the  fuel 
shown  in  Table  1.  The  thermal  inputs  for  the  four  power 
generations  are  all  the  same  —43.2  MW  from  coal,  and 
from  biomass  (straw)  at  lower  heating  value  (LHV)  respec¬ 
tively.  The  fuel  consumptions  are  110  tonnes/day  (dry  and 
ash  free  -  daf)  for  coal  and  216  tonnes/day  (daf)  for  bio¬ 
mass  (straw).  The  simulation  of  NO*  emissions  is  based 
on  the  results  from  experimental  studies  on  the  COSTAIR 
and  FLOX  burners  [15,16]. 

When  the  systems  are  fuelled  with  coal,  the  technical 
performances  are  as  following: 

In  case  1,  in  the  CFBC  power  plant,  the  steam  turbines 
generate  14.02  MWe  electricity;  the  auxiliaries  in  the  pro¬ 
cess  of  power  generation  consume  1215  kWe  power;  the 
net  electricity  generated  is  12.81  MWe;  the  thermal  effi¬ 
ciency  is  29.65%  (LHV);  the  emissions  are  relative  high, 
NO*  emissions  are  249  mg/N  m  and  CO  is  76  mg/N  m  ; 
although  the  emissions  are  in  the  range  of  the  data  in  liter¬ 
ature  [17,18]  and  within  the  limits  of  European  NO*  emis¬ 
sion  regulations  [19]. 

In  case  2,  in  the  power  plant  of  CFBG  +  normal  burner, 
the  steam  turbines  generate  13.96  MWe  electricity;  the 
auxiliaries  in  the  process  of  power  generation  consume 
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Table  2 


Technical-mass  and  energy  simulation  results 


CFBC 

CFBG  +  normal 
gas  burner 

CFBG  +  FLOX 
gas  burner 

CFBG  +  COSTAIR 
gas  burner 

Coal 

Straw 

Coal 

Straw 

Coal 

Straw 

Coal 

Straw 

Fuel  input  (tonnes/day)  (daf) 

110 

216 

110 

216 

110 

216 

110 

216 

Fuel  moisture  content  (%) 

6.30 

12.1 

6.30 

12.1 

6.30 

12.1 

6.30 

12.1 

FD  Fan  (kWe) 

495 

496 

495 

501 

1299 

888 

1317 

888 

ID  Fan  (kWe) 

74 

80 

75 

81 

115 

127 

118 

127 

Ash  box  (kWe) 

13 

16.2 

13 

16.2 

13 

16.2 

13 

16.2 

Gas  cleaning  (kWe) 

0.7 

0.9 

0.7 

0.9 

0.7 

0.8 

0.7 

0.9 

Abs  convey  (kWe) 

37 

0 

37 

0 

37 

0 

37 

0 

Fuel  convey  (kWe) 

106 

155 

106 

155 

106 

155 

106 

155 

Ash  convey  (kWe) 

39 

14 

39 

14 

36 

16 

39 

14 

HP  pump  (kWe) 

215 

206 

215 

205 

217 

205 

217 

205 

LP  pump  (kWe) 

1.6 

1.5 

1.6 

1.5 

1.6 

1.5 

1.6 

1.5 

Total  (kWe) 

982 

970 

982 

975 

1826 

1410 

1850 

1408 

IP  turbine  (kWe) 

6717 

6426 

6698 

6391 

6785 

6412 

6784 

6406 

LP  turbine  (kWe) 

7305 

7261 

7266 

7202 

7375 

7224 

7375 

7217 

Electric  process  (kWe) 

14,022 

12,717 

13,963 

12,618 

14,160 

12,226 

14,159 

12,215 

Electric  utility  (kWe) 

233 

231 

231 

229 

235 

230 

235 

230 

Net  electric  (MWe) 

12.81 

12.49 

12.75 

12.39 

12.10 

12.00 

12.07 

11.98 

Steam  cycle  (bar/°C) 

80/480 

80/480 

80/480 

80/480 

80/480 

80/480 

80/480 

80/480 

Thermal  input  LHV  (MW) 

43.2 

43.2 

43.2 

43.2 

43.2 

43.2 

43.2 

43.2 

Thermal  input  HHV  (MW) 

45.2 

47.4 

45.2 

47.4 

45.2 

47.4 

45.2 

47.4 

Efficiency  LHV  (%) 

29.65 

28.93 

29.51 

28.71 

28.01 

27.80 

27.95 

27.77 

Efficiency  HHV  (%) 

28.32 

26.36 

28.20 

26.15 

26.76 

25.33 

26.70 

25.30 

Exhaust  gas  temperature  (°C) 

123 

123 

123 

123 

126 

131 

127 

131 

Exhaust  gas  flow  (kg/s) 

20.42 

21.82 

20.54 

22.01 

20.54 

22.01 

20.54 

22.01 

C02  (g/kW  h) 

1134 

1295 

1112 

1297 

1172 

1339 

1174 

1341 

SO,  (mg/N  m3) 

300 

209 

288 

207 

288 

207 

288 

207 

CO  (mg/N  m3) 

76 

51 

79 

50 

37 

30 

37 

30 

NO*  (mg/N  m3) 

249 

211 

251 

210 

25 

21 

50 

31 

HC1  (mg/N  m3) 

112 

0 

113 

0 

113 

0 

113 

0 

02  (dry)  (vol%) 

5.59 

5.47 

5.62 

5.31 

5.63 

5.32 

5.63 

5.32 

1213  kWe  power;  the  net  electricity  generated  is 
12.75  MWe;  the  thermal  efficiency  is  29.51%  (LHY),  which 
is  almost  the  same  as  that  of  CFBC;  the  emissions  are  also 
similar  to  that  of  CFBC,  the  NO*  emissions  are  251  mg/ 
N  m  ,  the  CO  emission  is  79  mg/N  m  . 

In  case  3,  in  the  plant  of  CFBG  +  FLOX  burner,  the 
steam  turbines  generate  14.16  MWe  electricity;  the  auxilia¬ 
ries  in  the  process  of  power  generation  consume  2061  kWe 
power.  More  power  used  in  the  process  is  due  to  the  power 
consumed  for  the  flue  gas  recycle  (FGR)  pump  in  the 
system.  The  net  electricity  generated  is  12.10  MWe;  the 
thermal  efficiency  is  28.01%  (LHV),  which  is  5.53%  lower 
than  that  of  CFBC;  but  the  emissions  are  much  lower  com¬ 
pared  with  that  of  CFBC  (also  CFBG  +  normal  burner), 
NO*  emissions  are  25  mg/N  m  ,  the  reduction  is  90%; 
CO  emission  is  37  mg/N  m3,  the  reduction  is  50%. 

In  case  4,  in  the  plant  of  CFBG  +  COSTAIR  burner, 
the  steam  turbines  generate  14.16  MWe  electricity;  the  aux¬ 
iliaries  in  the  process  of  power  generation  consume 
2085  kWe  power.  Net  electricity  generated  is  12.07  MWe; 
the  thermal  efficiency  is  27.95%  (LHV),  which  is  5.73% 
lower  than  that  of  CFBC;  but  emissions  are  much  lower. 

ry 

NO*  emissions  are  50  mg/N  m  ,  the  reduction  is  80%  com- 
pared  with  that  of  CFBC;  CO  emission  is  37  mg/N  m  ,  the 
reduction  is  50%. 


When  the  systems  are  fuelled  with  biomass  (straw),  com¬ 
pared  with  that  fuelled  with  coal  in  the  same  plant  technol¬ 
ogy,  the  technical  performances  are  as  following: 

In  case  1  of  CFBC,  the  steam  turbines  generate 
12.72  MWe  electricity;  the  auxiliaries  in  the  process  of 
power  generation  consume  1201  kWe  power;  the  net  elec¬ 
tricity  generated  is  12.49  MWe,  which  is  lower  than  that 
fuelled  with  coal;  the  thermal  efficiency  is  28.93%  (LHV), 
which  is  2.43%  lower;  NO*  emissions  are  211  mg/N  m 
and  CO  is  51  mg/N  m  ,  which  are  15%  and  33%  lower 
respectively. 

In  case  2  of  CFBG  plus  normal  burner,  the  steam  tur¬ 
bines  generate  12.62  MWe  electricity;  the  auxiliaries  in  the 
process  of  power  generation  consume  1204  kWe  power; 
the  net  electricity  generated  is  12.39  MWe;  the  thermal  effi¬ 
ciency  is  28.71%  (LHV),  which  is  2.71%  lower;  NO*  emis- 
sions  are  210  mg/N  m  ,  CO  emission  is  50  mg/N  m  ,  which 
are  16%  and  37%  lower  respectively. 

In  case  3  of  CFBG  plus  FLOX,  the  steam  turbines  gen¬ 
erate  12.23  MWe  electricity;  the  auxiliaries  in  the  process  of 
power  generation  consume  1640  kWe  power.  The  net  elec¬ 
tricity  generated  is  12.00  MWe;  the  thermal  efficiency  is 
27.80%  (LHV),  which  is  0.75%  lower;  NO*  emissions  are 

ry 

21  mg/N  m  ,  the  reduction  is  16%;  CO  emission  is  30  mg/ 
N  m  ,  the  reduction  is  19%. 
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In  case  4  of  CFBG  plus  COSTAIR,  the  steam  turbines 
generate  12.22  MWe  electricity;  the  auxiliaries  in  the  pro¬ 
cess  of  power  generation  consume  1638  kWe  power.  Net 
electricity  generated  is  11.98  MWe;  thermal  efficiency  is 
27.77%  (LHV),  which  is  0.64%  lower  than  that  fuelled  with 
coal;  NO*  emissions  are  31  mg/N  m  ,  the  reduction  is  38%; 
CO  emission  is  30  mg/N  m  ,  the  reduction  is  19%. 

6.  Conclusions 

The  above  assessment  of  alternative  NO*  reduction 
technologies  to  the  CFBC  coal-fired  power  plant  was  suc¬ 
cessfully  completed  using  the  ECLIPSE  process  simulator. 

Compared  to  the  conventional  CFBC  coal-fired  power 
plant,  the  NO*  emissions  are  reduced  by  90%  using  FLOX 
burner  and  are  reduced  by  80%  using  a  COSTAIR  burner. 

With  the  same  thermal  inputs  (LHV  43.2  MW)  from 
coal,  the  electricity  outputs  are  12.81,  12.75,  12.10, 
12.07  MWe  and  the  electrical  efficiencies  are  29.65%, 
29.51%,  28.01%,  27.95%  for  the  four  plants.  The  reduction 
of  the  electrical  outputs  are  due  to  the  power  consumption 
by  the  FD  fan  and  ID  fan  for  the  flue  gas  recirculation  in 
FLOX  and  COSTAIR  cases. 

With  the  same  thermal  inputs  (LHV  43.2  MW)  from 
biomass  (straw),  the  electricity  outputs  are  12.49,  12.39, 
12.00,  11.98  MWe  and  the  electrical  efficiencies  are 
28.93%,  28.71%,  27.80%,  27.77%  for  the  four  plants.  They 
are  all  a  little  lower  than  that  of  the  same  plants  fuelled 
with  coal.  But  the  NO*  and  CO  emissions  are  all  lower. 
The  distinct  advantage  for  the  power  plants  fuelled  with 
biomass  (straw)  is  that  the  C02  emissions  can  be  treated 
as  net  zero  emissions,  due  to  its  biological  recycle. 

The  results  of  the  technical  analyses  show  that  the  use  of 
FLOX/COSTAIR  burners  are  able  to  reduce  NO*  emis¬ 
sions  dramatically;  and  the  FLOX  burner  would  reduce 
NO*  emissions  more  effectively  than  employing  the  COST¬ 
AIR  burner,  and  with  less  of  an  efficiency  penalty. 
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